By comparing the dimensions and DNA contents of normal rod-shaped Escherichia coli with those of mutants that grow as spheres or ellipsoids, we have determined that two parameters remain unchanged: the DNA/mass ratio and the average cell length (diameter, for spherical cells). In consequence, the average volumes and DNA contents of the spherical mutant cells are about four to six times greater than those of rod-shaped cells growing at a similar rate. In addition, it was found that cells of both rod and sphere forms had approximately the same number of nucleoids (as seen when the DNA was condensed after inhibition of protein synthesis). The nucleoids of the spherical cells therefore consist of four to six completed chromosomes each (polytene nucleoids). We suggest that the attainment of a minimum cell length is necessary for nucleoid separation after chromosome replication and that such a separation is itself a prerequisite for septum formation.
The average dimensions of cells of Escherichia coli and other bacteria change markedly with changes in growth rate (20) , but it has been noted that two parameters appear to remain relatively constant throughout: the ratio of cell mass to number of copies of the chromosome origin at the time of initiation of DNA replication (Mi; 5) and the length of the rod-shaped cells at the time when they become committed to septation and cell division (2LU; 6, [8] [9] [10] . These correlations between overall cell dimensions and the onset of the events of the cell cycle were made by measuring cells from populations of normal rod-shaped cells growing at different rates in different media. The importance of these particular cellular dimensions in the control of DNA replication and division was confirmed by experiments in which DNA replication was uncoupled from cell growth (8) and by experiments in which the kinetics of replication and division were measured during changes in growth rate (6) . We therefore asked what would happen if cells were to lose their characteristic rod shape and take some other form. Would cells of aberrant shape and size still retain the same initiation mass and cell length at commitment to septation, or would the behavior of such cells reveal some hitherto unsuspected constancy underlying the growth and division of cells of all shapes and sizes?
We chose to study certain temperature-sensitive mutants [rodA(Ts) and pbpA(Ts) mutants (12, 17, 22) ] that grow as rods at 30°C and as cocci at 42°C. These mutants are able to grow and divide at near-normal rates in their coccal form and therefore provide an ideal test system. We found that the mutant cells did indeed behave as if the same two fundamental constants had remained unchanged; in consequence, the cells in their coccal form had an average diameter which was close to the length of rod-shaped cells growing at a similar rate and also had a similar DNA/mass ratio. As a result, the coccal cells were, on average, about four to six times greater in volume and DNA content than equivalent rod-shaped cells.
In addition, we examined the growth and form of a mutant with a reduced amount of RodA esis, these cells also had the same average length as did the normal rod-shaped cells of the parental strain but had a 2.5-fold-greater average cell volume.
There are various models to explain how cells initiate DNA replication at a constant ratio of mass (or volume) to origins (5, 19, 21, 23) , but it has always been difficult to understand how cell length could determine the time of onset of cell division. It has recently been suggested that the localization and timing of septum formation depends on the location of chromosomal DNA within the cell (11, 24) . Specifically, we have proposed that septa form in the spaces between nucleoids and that the regular spatial separation of newly replicated sister chromosomes into nuclear bodies is the fundamental process underlying the regular timing and localization of cell division (11) . If this suggestion were correct, then we would predict that the coccal forms of E. coli would have the same number of nuclear bodies per cell as the rods, because according to our model a septum should be formed between each separate nucleoid pair. We found in this study that although the DNA of coccal forms appears to be dispersed around the cell periphery when the cells are actively growing (as reported by others [12] ), when the DNA is caused to condense by inhibiting protein synthesis (6, (13) (14) (15) 25 (ii) Median cell volume. A Coulter Channelyser was used to determine median cell volume, using the formaldehydefixed samples. Previous work has shown that median cell volume is proportional to mean cell volume for such samples (1).
(iii) Average cell length. Measurements were made on photographs of fixed cells on thin layers of agar, using phase contrast as previously described (7) .
(iv) DNA content. Total DNA in samples of exponential cultures of known OD were estimated by fluorimetry after DAPI (4,6-diamidino-2-phenylindole) treatment as described by Legros Figure 1 shows median cell volume in cultures of SP4504, SP4500, and SP5211 after a shift from 30 to 42°C.
After an initial rise in median cell volume due to the temporary inhibition of cell division during the heat shock response (9), the rod-shaped strain (SP4504) reached (16) was found by us to give a linear proportionality between fluorescence and DNA content of whole-cell samples (data not shown). Accordingly, we used this method to estimate the relative DNA contents of SP4504, SP4500, and SP5211 during steady-state growth at 42'C. The DNA/mass (OD) ratios were closely similar in all strains despite the differences in cell size and shape ( Table  2 ). The DNA/mass ratios in these strains were also closely similar to that for strain B/rA after correction for differences in growth rate (data not shown). (11) clearly shows the location of chromosomal DNA within cells. In preparations made from actively growing cells, the nucleoids are more or less dispersed (depending on strain and growth conditions) and have complicated shapes (see reference 13 for a review of nuclear morphology). When protein synthesis is inhibited, however, the DNA rapidly condenses into tightly packed bodies with well-defined shape and position in the cell (6, (13) (14) (15) 25 Figure 4 shows B/r cells treated in this way.
We first set out to determine the correspondence between the number of such nucleoids per cell and the number of length for a population of cells in balanced growth, calculated from the formula L = (L,,/Tn2) 2(20/7) (6, 9) , using the measured value for the rod-shaped cells of SP4504 at the corresponding temperature to estimate L,, (unit length [6, 7, 9] ). V(obs), Median cell volume measured electronically (arbitrary units). V(calc), Mean volume for rod-shaped cells at the same growth rate, calculated from the formula V = (2V,,/ln2) 2"60'71 (5, 6, 9) , using the measured value for SP4504 cells at the same temperature to estimate V,, (unit volume [6, 9] (16) , and the values for DNA/cell and DNA/OD are given in arbitrary units. chromosomes per cell. To do this, we used strain B/rA because this strain has been extensively studied and the relationship between growth rate and the state of chromosome replication is well known (4) . Cells were grown for several generations at 37°C in each of four media (Table 3) until balanced growth (defined as constant median cell volume and doubling time) was attained. Chloramphenicol (200 p.g/ml) was added, and the cultures were shifted to 42°C. This treatment immediately blocks further cell division (unpublished observations) and causes rapid condensation of the dispersed chromosomal DNA into discrete nucleoids, consisting of DNA tightly packed around a core of ribosomes (13) (14) (15) 25) . After 10 min, the cells were fixed and stained with DAPI (see Materials and Methods). The average number of nucleoids per cell was easily estimated by the use of mixed fluorescence and phase microscopy as de- 37°C, this strain had a generation time of 56 min. If D, the interval between termination and division, was 22 min as in B/rA, then the calculated average number of chromosome termini per cell in this medium would be 1.3. Therefore, this strain, like B/rA, also has a number of nucleoids that is close to the number of chromosome termini per cell. For our present purpose, it is not necessary to be more precise than that. This purpose is to compare nucleoid number in rodshaped and coccal forms of isogenic strains that are growing in the same medium at similar rates at the same temperature and have similar length distributions but very different volumes and DNA contents.)
When coccal cells of the mutant strains grown at 42°C were stained with DAPI without prior chloramphenicol treatment, DNA was seen to be dispersed around the periphery of the cells. This result is in accord with earlier reports on DNA distribution as seen by electron microscopy on thin sections of such cells (12) . However, after 5 min in the presence of chloramphenicol, the DNA condensed into large nucleoids (Fig. 5b) . The average number of nucleoids per cell was about 1.3 for SP4500 cells. This number is hard to estimate very precisely (mainly for geometrical reasons), but it is clearly quite different from the predicted number of chromosome termini per cell calculated from the observed DNA content of these cells The ellipsoidal cells of strain KEN222 also had a low average number of nucleoids per cell. This number has not been determined precisely but is much less than 2.
DISCUSSION
Certain mutations in the rodA or pbpA gene cause E. coli cells to assume a near-spherical shape rather than the normal rod form during growth at 42°C (22) . These coccal mutants are able to grow and divide at nearly the same rate as isogenic rod forms, provided they are grown at low density in rich medium. In rod-shaped cells, a septum is formed for every pair of completed chromosomes (4), but the measurements reported here show that in the coccal form there is only one division for every four to six chromosomes. Thus, a normal rule for cell division appears to be broken in cocci. However, further investigation of the coccal mutants has revealed other constancies that are common to dividing cells of both rod and coccal forms. We find that the average length distribution of cells is largely unchanged after conversion from rod to coccus. This implies that the lengths of cells at the time of onset of septation must also be similar. This finding therefore extends the previous discovery (8, 10 ) that rod-shaped cells of a wide range of volumes and growing at a wide range of rates initiate septation at much the same length.
We have recently suggested (as the result of a study of division in a mutant that was able to replicate but not separate its chromosomes [11] ) that septa are unable to form within a certain minimum distance of a nucleoid. According to this idea, septa could form only after the separation of sister nucleoids to their new positions in the centers of the future sister cells. Only then is there the required space for septation (Fig. 6 ). To extend this idea to coccal cells, we now (Lu), which may be defined either as the minimum length of a newborn cell (in a population approaching zero growth rate [6, 8] ) or as the minimum distance between nucleoid centers. Relative cell volumes (from top to bottom): 1.0, 1. 6, 3.7, 9.7, and 18.8. propose that nucleoid separation requires both the replication of the chromosome terminus and the achievement of a minimum linear distance within the cell. In rod-shaped cells in which the total condensed nuclear mass occupies about one-third of the cell length (unpublished measurements) and occupies most of the width of the segment of the cell in which it lies, the required space for separation of sister nucleoids is provided by growth to a certain length (further evidence in favor of this hypothesis will be presented elsewhere). Let us now consider the geometry of a (hypothetically perfect) spherical cell containing a single unreplicated chromosome. The measurements that we have made allow us to assume that such a cell will initiate new rounds of chromosome replication whenever the ratio of cell mass (proportional to volume) to number of chromosome origins reaches the same value (M, [5] ) as in rod-shaped cells. However, the geometry of a growing sphere ensures that when replication has been completed, there is no space for nucleoid separation (Fig. 6) . Assuming that the ratio of length to width for rod-shaped cells is about 3 (on average), then we can see that a spherical cell will need to reach a volume of about six times that of a rod in order to have the same linear dimension and to do so before nucleoid separation can take place. However, the coupling between cell volume and initiation of chromosome replication (5) will also ensure that a cell of this volume has six times as many chromosomes as a rod of the same overall length. There is nevertheless space within this cell for the separation of only two nucleoids. Our observations on stained cells with condensed DNA suggest that two nucleoids are indeed formed at about this length but that each must contain at least three chromosomes. Only at this stage can cell division be completed.
Our measurements on the ellipsoidal cell population of the KEN222 strain show that these cells also have the same distribution of cell lengths as do isogenic rod-shaped cell populations growing at the same rate and that their cell volumes are intermediate between those of rods and coccal forms. The sizes of their nucleoids are also intermediate between those of the two extreme forms, but the average numbers per cell are similar in all strains with the same growth rates. These measurements are an important confirmation of the generality of our conclusions.
We would like to emphasize that we do not think that the above model is yet completely satisfactory. For example, it is clear from Fig. 5 that coccal cells may start to constrict before there are two visibly separated nucleoids. We must therefore say that it is the completion of septation which is occluded by the presence of an undivided nucleoid rather than the initiation of a septum. Furthermore, uncondensed chromosomal DNA is arranged around the periphery of cocci (perhaps because it is held there by the liaison between the cell membrane and the nascent polypeptide chains of transmembrane proteins). Thus, our model of septal occlusion must be assumed to refer to the position of some sort of nuclear attachment point, the existence of which can be inferred only when the other links between DNA and cell membrane have been loosened by the inhibition of protein synthesis. Nevertheless, we think that the model is worth presenting at this time because it does provide a different way of looking at the cell cycle and because it does offer at least a partial explanation for a wide variety of observations (i.e., the localization and timing of division in cells of all sizes and shapes and in mutants with defects in chromosome partition). We are also aware that the model raises important questions about the mechanism of nucleoid separation itself. These will be addressed in a separate publication (K. J. Begg and W. D. Donachie, J. Bacteriol., in press).
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